Background: HIV-1 remains the leading cause of death among adults in Sub-Saharan Africa,
Introduction
Approaching the public health goals for global HIV-1 such as "90-90-90" (90% of those with HIV-1 aware of their status, 90% in regular treatment, and 90% of those on treatment virally suppressed) requires effective identification of at-risk and infected individuals.
1,2 Despite large efforts to expand testing, treatment, and retention services, only 45% of HIV-infected individuals in Sub-Saharan Africa knew their HIV-1 status in 2013, and estimated antiretroviral therapy (ART) coverage in 2014 exceeded 50% of all those infected in only five countries. [3] [4] [5] [6] A potential approach to improving HIV-1 testing and diagnosis is to better target individuals and populations for testing and care. Existing HIV-1 control programs, such as the US President's Emergency Plan for AIDS Relief, increasing use data-driven approaches to align resources towards high-burden populations. 7, 8 Current understanding of HIV-1 risk factors in Sub-Saharan Africa commonly come from nationally representative surveys such as the Demographic and Health Surveys (DHS) that include HIV-1 testing and report prevalence stratified by pre-specified groups such as age, education, place of residence, and number of sexual partners. [9] [10] [11] Such HIV-1 testing and epidemiologic stratification was carried out in two DHS surveys conducted in Zambia in 2007 and again in [2013] [2014] in nationally representative samples of 5,715 and 15,433 women, respectively. 12, 13 However, selective identification of risk factors by testing one or only a few factors at a time may lead to incomplete understanding of or even misleading notions about possible risk factors. 14, 15 Traditional risk factors (age, gender, education, place of residence, and number of sexual partners) explain less than 10% of the variation in HIV-1 infection, and represent only a small fraction of the information available in the surveys. 12, 13 While risk factors such as age and gender are intuitive and important, unintuitive or under-recognized correlates that may identify novel high-risk groups and generate new hypotheses for further study and intervention design.
We present an approach for systematically assessing the relationship between HIV-1 status and many putative risk factors. We exploit the breadth of DHS surveys to conduct an Xwide association study (XWAS) of HIV-1 risk, where X stands for all social, behavioral, environmental, and economic factors that are reliably available in DHS. This approach systematically associates each available variable with HIV-1 status, as is done in current-day genomics investigations (e.g. genome-wide association studies [GWASs] ). We have previously utilized the approach to systematically study the association of environmental exposures, dietary indicators, clinical biomarkers, and micronutrient blood tests associated with outcomes such as type II diabetes, blood pressure, mortality, and income. [16] [17] [18] [19] An advantage of this approach is that variables are examined using a systematic approach, thus avoiding selective reporting bias, while controlling for the rate of false positives.
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Methods
Overview
We used the 2007 and 2013-2014 DHS surveys from Zambia, where HIV-1 prevalence among women 15 to 40 years old was estimated at 16.1% and 15.1%, respectively. 13 We linked the HIV-1 test results with all the indicators in the individual women's surveys. We split the data in each survey into training ("discovery") and replication data, analyzed the association of each variable with HIV-1 status in univariate and adjusted analyses, and examined the stability of the findings over time and in population subgroups. Figure 1 illustrates the analysis steps using the 2013-2014 survey metadata.
HIV-1 Status
The HIV-1 testing procedure in the surveys involved identifying eligible household members, obtaining consent, collecting dried blood spots, and processing and testing in a centralized lab. Two separate enzyme-linked immunosorbent assay (ELISA) tests were used for screening and confirmation of HIV-positive tests, with additional Western Blot confirmation for discordant ELISA tests. In both surveys, every test was definitively identified as positive or negative (i.e. there were no indeterminate tests). The HIV-1 test results were then linked one-toone with the individual survey data.
Selection of Social, Behavioral, Environmental, and Economic Indicators
We used the following process to identify and create the variables for the XWAS ( 
Association Study Procedures
We divided each survey (5,715 women in 2007 and 15,433 women in 2013-2014), randomly into two equally sized (±1) datasets for discovery and replication. We conducted three XWAS analyses in the discovery dataset ( Figure 1D ): (i) a univariate analysis; (ii) an analysis adjusted for known HIV-1 risk factors (ex ante analysis); and (iii) an analysis that, in addition to the ex ante factors, adjusted for the ten variables that explained the greatest portion of the variation in HIV-1 status in the univariate analysis (ex post analysis).
In the first step we estimated univariate logistic regression models of the following form: In the ex ante analysis, we adjusted for five pre-determined (ex ante) controls: urban or rural residence, DHS wealth index (a discretized 5-level scale from poorest to wealthiest quintile, with poorest as reference), age, whether or not the respondent indicated she had previously been tested for HIV, and whether or she indicated that she never had sex at the time of the interview.
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Specifically, the model was implemented as follows:
Where covariates for urban residence, wealth, age, past testing, and sexual debut are indexed by person (p), and ! ! again denotes the ith exposure variable for person p.
In the ex post analysis, we adjusted for the ten variables that had the highest explanatory power (using Nagelkerke R 2 ) among those replicated in the univariate analysis. The purpose of this analysis was to improve the identification of strong correlates that identify HIV-1 status even after controlling for the most explanatory variables. 26 The ten variables were selected separately in the 2007 and 2013-14 surveys.
We had two levels of replication, within-survey replication and between-survey replication ( Figure 1EF ). We deemed a within-survey "replicated finding" for ! as one that had FDR<5% in the discovery dataset and the sign for ! was in the same direction in the replication dataset with a nominal p-value<0.05 ( Figure 1E ). The second level of replication is betweensurvey replication where we sought within-survey replication in both the 2007 and 2013-2014 surveys ( Figure 1F ).
Next, we assessed the predictive capability of HIV positivity of the variables found in all three modeling scenarios. For example, if variables ! , ! , ! were tentatively replicated in the univariate modeling scenario in the 2007 survey, we fit a model:
and assessed the Nagelkerke R 2 and the area under the curve for the model. Two general categories of variables were associated with HIV-1 in the ex ante and ex post analyses but not in the univariate analyses (i.e. variables whose association with HIV-1 was "uncovered" after adjustment, shown at the bottom variables in Table 2 ). These include variables related to the number of children that were different from those replicated in all or nearly all analyses (again, fewer children confer increased risk), and the anthropometric measurements body-mass index and Rohrer's index (higher index associated with lower HIV-1 risk). The variables that we highlight were replicated in multiple analyses, but this study also identifies factors whose less consistent association with HIV-1 may nevertheless warrant additional consideration. Several variables related to method of contraception were positively associated with HIV-1 status in the univariate analyses, including hormonal contraceptives, condoms, and female condoms. Wealth was associated with HIV-1 in the univariate analysis (higher risk among wealthier women), but not in the adjusted models. No variable identifying educational attainment was associated with HIV-1 in the adjusted models. These assessments improve on the extant assessment of epidemiologic risk that are commonly presented along with the DHS data (and commonly used by UNAIDS and others). 4, 13 The DHS stratifies HIV-1 risk by age, residence, marital status, education, and wealth. XWAS improves on such stratifications by reducing potential bias from failure to consider other relevant covariates, and by using an FDR that accounts for multiple comparisons.
The extent to which our findings are generalizable to other contexts is unknown.
Extending HIV-1 XWAS to additional surveys across sub-Saharan Africa and over time, however, is readily feasible and will enable greater understanding of the generalizability and stability over time of our findings. We note that the putative variables we identified in common in the 2007 and 2013-2014 surveys had similar association sizes in both surveys. These similar association sizes and correlations points to the stability of social, behavior, and environment over time in Zambia. wealth index less than or equal to 3 and greater than 3 ("poor" and "rich" respectively), individuals that have had or have not had an HIV-1 test ("tested" and "not tested"), individuals living a rural ("rural") or urban ("urban") areas, and of ages less than 23 ("age1"), between 23 and 33 ("age2"), and older than 33 ("age3"). Remove one from any pair of variables that are 99% or more correlated 
